Polarized infrared and Raman spectra of triclinic LiAl(PO 4 )(OH) [montebrasite] single crystal were recorded for appropriate optical configurations. Dispersion analysis was applied on the infrared reflectivity spectra taken at low incidence angle (11 ) to determine the oscillator parameters and the dipole directions of the polar phonons. In particular, all the 27 polar phonons, predicted by group theory for triclinic P1 structure, were determined. The obtained dielectric tensor parameters have been checked by comparison between predicted and measured infrared spectra at higher incidence angle (34 ). The azimuth and co-elevation angles obtained from the dispersion analysis showed that the response of several polar phonons is close to that of an orthorhombic system. Polarized Raman spectra obtained in several scattering geometries allowed us to obtain well-defined 24 non-polar modes, also in perfect agreement with group theory. The selection rule between Raman and infrared phonons was respected, confirming the centrosymmetric structure and ruling out any relevant influence of defects. The relatively narrow phonon bands are compatible with a highly ordered structure with fully occupied atomic sites.
Introduction
The optical properties of insulator crystals in the infrared spectral region are essentially determined by the characteristics of their vibrational (i.e., phononic) excitations. The optical phonons are usually obtained from inelastic Raman scattering or infrared spectroscopy (transmission or reflection), whose activities depend on several particular features of the system/measuring configuration, mainly the crystal symmetry, sample orientation, light polarization and propagation directions. The knowledge of the phonon features of a material brings information about crystal structure and quality, as well as its optical and dielectric properties, useful for designing technological applications.
The determination of the polar phonon parameters (i.e., frequency, strength and damping constants) of a system from its infrared reflectivity spectra is called dispersion analysis (DA). It was firstly developed by Czerny for cubic crystals [1] , and later extended to lower symmetry systems by using polarized infrared spectra measured along their crystallographic axes [2, 3] , taking benefit of the fact that those axes are the principal ones of the dielectric tensor function for all systems with orthogonal or higher symmetries (i.e., cubic, tetragonal, orthorhombic, rhombohedral or hexagonal structures). Once the polar phonon characteristics of the system are known, the dielectric tensor function can be derived in the spectral region of interest [4, 5] . While DA methodology is very well established for higher symmetry systems, the extension for monoclinic and triclinic crystals is not straightforward, since for these non-orthogonal systems the dielectric function always has non-diagonal terms. In terms of the polar phonons, this implies that their dipoles (or transition moments) are no longer parallel to the crystallographic axes, and are indeed at individually defined directions in the plane of non-orthogonal axes (monoclinic crystals) or in space (triclinic ones). Because of the increased difficulties of working with low-symmetry systems, only a bit more than a dozen of works on monoclinic [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and three on triclinic [23] [24] [25] [26] single-crystalline samples were reported so far using DA, at the best of our knowledge. Very recently, some of us (S. H. & T.M.) introduced a new DA methodology for investigating triclinic crystals. This method has been successfully applied to blue vitriol and potassium dichromate, revealing that the optical properties of the first one look like those of orthorhombic crystals [25] , while the second one deviates strongly from this lower symmetry [26] . In the present work, we use DA for investigating a montebrasite crystal [LiAl(PO 4 )(OH]] with triclinic structure, aiming to bring information about the optical and structural features of this system.
Montebrasite is the high hydroxyl end member of the amblygonite-montebrasite system, LiAl(PO 4 )(F,OH). In this system, the amount of fluorine or hydroxyl anions can vary from 0 to 1 maintaining the crystal structure, which was shown to belong to the centrosymmetric P1 space group [27] . Montebrasite is a common mineral in granitic pegmatite of lithium, being an important source of this alkali metal for battery applications. It also has economic importance as a source of phosphate for fertilizers in agriculture [28] , though amblygonitemontebrasite minerals are undesirable contaminants in spodumene in the refractory industry [29] . Crystals with good quality for the gemstone market are relatively rare, and practically all come from Brazilian pegmatites, which favor montebrasite over amblygonite [30] . Indeed, petrological studies revealed that high fluorine containing amblygonite is rare in granitic pegmatites, being present mainly in topaz-bearing granites [31] . In addition to the above cited economic and petrological interest, amblygonitemontebrasite system attracts scientific interest due to the possibility of studying their phase diagram (complete solid solution between F and OH end members) [28] [29] [30] [31] [32] [33] . In the present work, a very good gemstone quality montebrasite was chosen for investigation of the intrinsic optical vibrational properties of this triclinic material, by combining dispersion analysis of the infrared reflectance spectra with polarized Raman scattering spectra.
Experimental
A natural single-crystal specimen of montebrasite from granitic pegmatite of the Telírio mine (Linópolis, Divino Laranjeiras, Minas Gerais, Brazil) was chosen for this work. This mine provides the best montebrasite gemstones of the world. The sample studied here has been characterized for its chemical formula, F/OH contents and metal impurities, and the results were published in a previous work, where the sample received the code AAM [28] . Our sample presented less than 1% of metal impurities (Na, Ti, Fe, Nb, V), and less than 3% of fluorine (97% of OH), allowing us to write its formula in good approximation as LiAl(PO 4 )(OH). The sample has been cut from a larger gemstone of excellent optical quality that was highly transparent (slightly yellowish), in a piece with 2.5 mm Â 2.0 mm Â 4.5 mm, in the form of a parallelepiped. For cutting the sample we used the orientation of perfect cleavage planes normal to [1 0 0] axis and good cleavage normal to [11 0] axis. From that the orthogonal axes as a//[1 0 0], b* (normal to a and close to b, once the [11 0] cleavage direction is known), and c*, parallel to a Â b* were defined [28] . Three corner-sharing faces were polished to optical grade to mimic the three adjacent faces of a cube.
The triclinic montebrasite structure has been determined as belonging to the centrosymmetric P1 space group, with unit cell parameters a = 5.18 Å, b = 7.15 Å and c = 5.04 Å, with a = 112.07 , b = 97.48 and g = 67.53 [27] . This structure is characterized by distorted AlO 4 (OH) 2 octahedra interconnected along the [11 0] direction by common hydroxyl groups. These octahedra are laterally interconnected by nearly perfect PO 4 tetrahedra, while the Li ions occupy the cavities left by the octahedral chains and PO 4 tetrahedra [27, 28] . The unit cell has two formula units (Z = 2). In this description, there are two non-equivalent aluminum positions with special C i symmetry, while all other ions occupy general positions with C 1 symmetry. All Wyckoff positions are fully occupied. This structure differs slightly from that proposed earlier by Simonov and Bjelov [34] , who proposed two half-occupied non-equivalent lithium ions in general positions (C 1 symmetry). We will return to this difference after presenting our spectroscopic results. A quite useful alternative description of montebrasite structure was proposed by Groat et al. [31, 33] . These authors proposed a hypothetical pseudo-monoclinic structure for describing montebrasite-amblygonites, owing to the chemical and structural similarity between these materials and several important minerals (e.g., kieserite MgSO and Z = 4 [33] . In this unit cell the octahedral chains are along the pseudomonoclinic c-axis. Again, in this description, two non-equivalent half-occupied lithium ions were assumed. However, by revisiting the problem later [31] , Groat et al. proposed that the occupancies of lithium in these two sites could be different from 0.5 and vary with temperature. As we have already indicated, our spectroscopic results allow us to discuss on these structural features.
Polarized infrared measurements of the montebrasite crystal were performed by using two different Fourier transform spectrometers (FTIR). The mid-infrared spectra (550-4000 cm À1 )
were collected under purge on a Nexus 470 (Thermo-Nicolet) with a SiC source, a KBr:Ge beamsplitter, an MCT detector and a grid polarizer onto a ZnSe substrate as standard accessories for this configuration. The far-infrared spectra (50-700 cm À1 ) were collected under vacuum (1 Torr) on a DA-8 (BOMEM) spectrometer equipped with a SiC source, a mylar hypersplitter 1 , a Si-bolometer detector and a wire grid polarizer onto a PE substrate. The reflectivity spectra in both spectral regions were obtained either, for low-incidence angle (11 ) or high-incidence angle (34 ) , with two different reflection accessories. The spectra were recorded by averaging at least 128 scans for each polarization, with the spectral resolution better than 4 cm
À1
. Gold mirrors were used for obtaining the reference spectra. The infrared reflectivity spectra recorded in mid-and far-infrared regions matched well in the superposition region.
Polarized Raman spectra were collected at room temperature on the three sample surfaces, in parallel and crossed configurations, using a Horiba/Jobin-Yvon LABRAM-HR spectrometer, equipped with a CCD detector and a confocal Olympus microscope (100Â objective). The measurements were carried out in back-scattering geometry, for varying angles between sample edges and light-beam polarizations, using the 633 nm line of He-Ne laser (6 mW) as excitation source. Appropriate interference and edge filters, half-wave plate and polarizer were used. The spectra were obtained between 50 and 3800 cm À1 , with spectral resolution of about 1 cm
, by averaging 10 accumulations of 30 s.
Theoretical background
Dispersion analysis (DA) of the FTIR reflectivity spectra of montebrasite was performed by using the method described in Refs. [25] and [26] , and summarized in the sequence. In the DrudeLorentz model the dielectric tensor function e x;y;z ðṽÞ is the sum of the damped harmonic Lorentz oscillators, which describe the fingerprints occurring in an IR spectrum due to vibrations, plus a dielectric background tensor [e 1 ], which is a (constant) offset summarizing all contributions from the UV and visible part of the spectrum.
For a dielectric non-magnetic and optically inactive triclinic crystal the dielectric tensor function has the following form: e x;y;z ðṽÞ ¼ e 1;xx e 1;xy e 1;xz e 1;yx e 1;yy e 1;yz e 1;zx e 1;zy e 1;zz
In Eq. (1) the oscillator parameters are the resonance wavenumber, v i , the oscillator strength, S i , and the damping constant, g i . The two angles F i and u i describe the orientation of the transition moment of the ith oscillator relative to a right-handed coordinate system (x, y, z) that is fixed within the crystal. The definition of F and u is the same as that used in spherical coordinates, i.e., co-elevation and azimuth angles. The index i denotes the number of the oscillator, so the sum runs over all oscillators present in the spectral part of interest. As there are no symmetry elements in a triclinic crystal (except for a possible inversion center), there is no predominant orientation for the transition moments within the crystal. As a consequence, the dielectric axes vary with frequency (F i and u i depend onṽ), and the real and imaginary parts of the dielectric tensor have generally different main axes. The measurement scheme of triclinic crystals developed in [25] requires three orthogonal and optically polished faces carved out of the crystal. For convenience, the cut crystal is depicted as a cube. Fig. 1 depicts the employed coordinate systems. To record the spectra, the cube is rotated into six different orientations, which are shown in Fig. 2 . For each one of the three orthogonal faces, four spectra with different polarization directions of the incoming light are recorded, so the number of measured spectra sums up to 12, as shown in Fig. 3 .
To describe the rotation of the sample within the spectrometer and to determine the dielectric tensor function e x;y;z ðṽÞ in laboratory coordinates (X, Y, Z), the tensor function is multiplied by a rotation matrix A(', u, c). The rotation matrix is a function of the Euler angles f, u, and c which specify the rotation of the crystal sample in the spectrometer. e X;Y;Z ¼ Að'; u; cÞ Â e x;y;z Â A À1 ð'; u; cÞ Að'; u; cÞ ¼ Að'Þ Â AðuÞ Â AðcÞ A(f) is a rotation matrix which describes a rotation around the (fixed) Z-axis, A(u) a rotation around the (fixed) Y-axis and A(c) again a rotation around the Z-axis.
To yield expressions for the reflectivity of the calculated spectra the first order Maxwell equation:
is solved employing the dielectric tensor function. Eq. (3) describes the dependence of the field vector
For the wave vector k = k 0 (0, sina, cosa) T we assume a plane wave with no component in X-direction, as the wave is travelling in the Z-Y plane. The D-matrix is given by [25] :
where in the e ij are the components of the dielectric tensor function. The solution of the eigenvalue problem of Eq. (4) 
Due to the assumption of a semi-infinite medium the second and fourth column, which describe the backward travelling waves of the dynamical matrix can be set to zero. The indices ij of C ij describe the eigenvector corresponding to the eigenvalue l i and the components of
The dynamical matrix D C,crystal of the crystal and the inverse dynamical matrix of the incidence medium (air or vacuum), D C,inc , link the amplitudes of the incident (A s , A p ), reflected (B s , B p ) and transmitted (C s , C p ) waves [35] .
With Eq. (6) the measured quantities R s and R p can explicitly be calculated with the reflection coefficients r ij . The index i describes the polarization state of the polarizer and j the polarization state of the analyzer. As no analyzer was used, the reflectivities R s and R p are R s = R ss + R sp = r ss r ss * + r sp r sp * and R p = R ps + R pp = r pp r pp * + r ps r ps * and the equations for r ij as given below (r ij * is the complex conjugate of r ij ). 
Results and discussion

Dispersion analysis of montebrasite
Montebrasite belongs to the space group C 1 i with all atoms occupying general C 1 positions except for the Al ions, which occupy two non-equivalent special positions with C i symmetry [27] . According to [36] each of the 8 C 1 positions contributes with 3A g + 3A u normal modes and each of the two special positions contributes with 3A u modes. These normal modes sum up to 24A g + 30A u modes, of which the A g modes are Raman active and the A u modes are IR active. Among the 30A u modes, 3A u modes have to be subtracted as acoustic modes (translation of the crystal), so there remain 27 IR modes to be observed. By analyzing altogether the 12 low-incidence angle FTIR spectra of montebrasite with our optimization routine we found 26 oscillators below 1500 cm
À1
. The fitted oscillator parameters are listed in Table 1 . The parameters shown in this table have usual classical meaning (they are intrinsic to the crystal and independent on the measuring plane), but the azimuth and co-elevation angles are referred to a particular measuring configuration. In the present case, the crystal coordinates (x, y, z) fixed in the crystal correspond to the cut (b*, a, -c*) of our sample. The correspondence between the reflectivity spectra and crystal orientation (measuring planes and directions) is shown in Table 2 . At around 3400-3350 cm À1 most spectra exhibit the O-H stretching vibrations; however we were not able to find suitable Lorentz oscillators to fit this vibration. The spectral region of the O-H stretching vibration is separately depicted in Fig. 4 . The vibration does not occur in the spectra R p 90 90 90 (electric field E//c*), R s 90 90 90 (E//b*), R p 90 90 45 (E//b* + c*) and R s 90 90 45 (E//b* -c*), which means that the transition moments creating this vibration is oriented perpendicularly to face 3 (b*c*), i.e., to the cleavage plane of montebrasite. This result agrees with previous structural studies of this crystal, which show that the OH bond is oriented approximately along its crystallographic a-axis [27, 28] . Consequently, the OH stretching vibration should have maximal reflectivity in spectra R p 0 0 0/0 90 0 (E//a), as it is confirmed by the two upper spectra on the left panel of Fig. 4 . The R s 0 0 0 (E//b*) and R s 0 90 0 (E//c*), respectively on planes 1 (ab*) and 2 (ac*), show weak intensity for this vibration, indicating smaller (but non-zero) components of the corresponding transition moment along these directions. This can explain the slightly higher intensities of this vibration for the R p 45 0 0 (E// a + b*) over R s 45 0 0 (E//a À b*) on plane 1 (ab*), and R p 0 90 45 (E// a + c*) over R s 0 90 45 (E//a À c*) on plane 2 (ac*). As a whole, concerning the amplitude of the reflectivity, the spectral For dispersion analysis six different orientations are employed, for each orientation two spectra were recorded, one spectrum with p-polarization (polarization direction of the incoming light parallel to the plane of incidence) and one spectrum with s-polarization (polarization direction perpendicular to the plane of incidence). The laboratory coordinates (X, Y, Z) stay fixed, the crystal coordinates (x, y, z) are fixed within the crystal and therefore rotated with the crystal. Solid arrows are used for the crystal coordinates, which are black if coincident with laboratory axes, orange otherwise. In the latest case, broken axes are used for X or Y non-coincident axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) characteristics of the OH stretching vibration in the different used polarized configurations are quite consistent. However, a very intriguing frequency dispersion occurred for the different measured faces. Indeed, the characteristic frequency of the vibration presented an almost 25 cm À1 upshift on all spectra taken on face 2 (ac*) compared to face 1 (ab*). This upshift cannot be described by our theoretical model based upon independent Lorentz oscillators. For this reason, our fitting curves on Fig. 4 are all at the same (average) frequency position and cannot describe the observed dispersion. The mechanism underlying such effect is unknown at the light of the experimental data available so far and is beyond the scope of the present work. It deserves further investigation and should be addressed in future works.
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The PO 3À 4 tetrahedra contribute with 5 Â (3A g + 3A u ) = 15A g Raman active +15A u IR active modes. The IR active modes consist of 6 librational modes and 9 internal modes, 3 Â n 3 (A u ), 1 Â n 1 (A u ), 3 Â n 4 (A u ) and 2 Â n 2 (A u ) [36] . With the help of [30, 32, [37] [38] [39] [40] (Table 3) , but oscillator 22 does not fit into the orthogonality. Oscillator 23 has maximum intensity in spectra R p 90 90 90, R s 0 90 0, R s 90 90 45 and with a little less intensity in R s 0 90 45. The oscillator is not visible in R p 0 0 0, and occurs in the other spectra with very low intensity. From these considerations it follows that the corresponding transition moment must be oriented almost perpendicular to the cube measuring face 1 (ab*). This assumption is confirmed by the optimization which found an angle pair with F = 169. 5 and u = 156.6
. The spectra show that the vibration at 792 cm
À1
, corresponding to the oscillator 21, is a vibration of a linear or two dimensional compound as the reflection intensity strongly depends on the polarization direction of the incoming light. This oscillator is also related to the presence of hydroxyl groups [32] , and is probably linked to P-OH stretching and P-O-H torsional motions [40] . Oscillators 1 + 2 are most probably librational modes of the crystal compounds, as librational modes usually are characterized by low wavenumbers. The remaining oscillators 3-20 accounts for the 3 Â n 4 (asymmetric bending), the 2 Â n 2 (symmetric bending) of the phosphate tetrahedra, the 6 librational modes, and the external lattice modes.
The 12 measured spectra from the cube-shaped montebrasite single crystal are depicted in Fig. 5 together with the corresponding best fitting spectra. Fig. 5 (right) shows the spectra with polarization direction perpendicular to the plane of incidence; Fig. 5 (left) shows the spectra with polarization direction parallel to the plane of incidence. As the angle of incidence was 11 , the p-polarization is not exactly along the cube edges or face diagonals. Diverse test simulations showed that the effect of the deviation of 11 from normal incidence on the optimization of spectra of triclinic crystals is not measureable due to a large error for the fitted angles [26] . As a whole, the comparison between measured and calculated spectra shows a satisfyingly agreement for the investigated spectral ranges.
For the fittings the number of oscillators was chosen according to the expected number of oscillators, as in the case of montebrasite easily 27 or more additional oscillators can be employed by the optimization if it is based only on the number of 
Table 2
Measuring configurations of the infrared reflectivity spectra of montebrasite: a is the [1 0 0] direction, defined by the perfect cleavage normal to this direction; b* and c* are normal to a and close to b and c-axes, respectively. f corr are correction factors for the spectra measured with incidence angle of 34 to level out the reduced reflectivity for higher incidence angles. . In Fig. 6 the calculated angle orientation for each of the fitted oscillators is depicted. As is shown in Fig. 1 the calculated angles give the orientation of the transition moment with respect to the normal face of the cube, in which the spectra R s /R p 0 0 0 and R s /R p 45 0 0 were recorded, i.e., face 1 (ab*). Fig. 6 shows that the transition moments roughly point into three different directions, which means that montebrasite shows an almost orthorhombiclike IR spectral behavior.
Verification of the oscillator parameters
To verify the correctness of the calculated oscillator parameters, the obtained parameters can be employed to predict spectra, e.g., the reflection spectra of a pressed pellet made of crushed sample material, as it was done in [25, 26] , or another set of spectra with high incidence angle can be recorded. The higher the incidence angle gets, the more the p-polarization of the incoming light excites oscillators of two orthogonal cube faces. The consequence is that for high incidence angles the R p spectra are mixed spectra of the oscillators of two orthogonal cube faces. The effect is maximal for an incidence angle of 45 . In the present work, as the authors did not want to crush the (gem) crystal, a second set of spectra with an incidence angle of 34 was measured. To fit the second spectra set the oscillators and dielectric background tensor of Table 1 were employed, the only variable left to optimize was a constant correction factor f corr for each cube face to level out the reduced reflectivity for higher incidence angles (because of experimental difficulties). The correction factors for the second set of spectra are given in Table 2 . Fig. 7 shows the second spectra set optimized with the oscillator parameters gained from the spectra set measured with an incidence angle of 11 . Overall, the spectra for incidence angle 34 could satisfyingly be reproduced with the oscillator parameters gained from the first spectra set. The most distinct discrepancy between measured and modeled spectra can be found between 1300 and 1100 cm À1 for the R s /R p 45 0 0 spectra. Since all other modeled spectra resemble the measured ones, we assume that this discrepancy is due to misalignment errors, as especially for triclinic crystals the optimization is quite sensitive to correct orientation of the sample within the spectrometer.
[ ( F i g . _ 4 ) T D $ F I G ] . Due to an unclear behavior of the stretching vibration we were not able to fit this spectral region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
Raman scattering results for montebrasite
Polarized Raman spectra of the montebrasite crystal were recorded on the three planes, for parallel and perpendicularly polarized light. All the spectra show the same features, since triclinic Raman tensors have, in principle, non-null elements for any scattering configurations. However, the intensities of the individual bands depend on the particular measuring configuration, as it can be seen in Fig. 8 , which shows the parallel-polarized Raman spectra of montebrasite taken on face 2, i.e., ac*, with polarizers along a or c* sample axes. We note particularly a high intensity of OH stretching band around 3380 cm À1 for a-polarization, and that some bands seem to vanish for one polarization, whereas they are intense for perpendicular polarization. It is important to mention that, as montebrasite belongs to a centrosymmetric group, the Raman phonon frequencies do not depend on the measuring configuration (indeed, we checked this point by comparing spectra taken onto different crystal faces and orientations, which give always the same positions for all bands). Once the intensity of the bands depends, however, on the polarization direction, we have recorded the Raman spectra for several polarization directions. Fig. 9 shows the Raman spectra recorded on the ac*-plane for polarized light making an angle from 0 to 180 with the a-direction (90 means c* polarization, the sample was turned clockwise around the b*-axis). Fig. 9a (100-580 cm
À1
) shows the variations of the 14 lowestfrequency modes with polarization angle. These modes correspond roughly Li-O vibration, AlO 6 bending and PO 4 bending modes [30] , but a definite assignment was not done so far and it is beyond our purposes. Fig. 9b torsion [32, 40] , as observed in the IR spectra. Fig. 9c presents the variations of the four PO 4 stretching modes (#19 to 22) and the OH bending mode (#23) with polarization angle. The spectra shown in Fig. 9a -c (along with the OH stretching mode at 3383 cm À1 ) allowed us to obtain the complete set of 24 Raman-active modes of montebrasite, presented in Table 4 .
A weak feature at around 873 cm À1 (whose intensity is comparable with that of the 548 cm À1 band) was not considered in our analysis. We think that it could be a signature of anharmonicity, as are some other very weak features around 1581, 2240, 2360, 3255 and 3513 cm
. The spectra of Fig. 9a -c also show that one must take care in analyzing Raman spectra of triclinic crystals, once some bands can be absent in some orientations, as exemplified in Fig. 9d that presents the intensity variations of four chosen bands. Notice that the intensity of bands around 277, 798 and 1187 cm À1 vanish in parallel light for polarizers along the c* direction (having maxima along the a direction). Conversely, the 139 cm À1 band has its maximum along c* and vanish along a. Now by taking the IR and Raman spectra altogether, we can conclude that the investigated montebrasite sample presented a very good crystallographic order. Indeed, we were able to depict all the well-behaved 27 IR and 24 Raman modes predicted by group theory for the P1 crystal structure. The Raman modes did not show any behavior of polar elliptical phonons, i.e., the IR modes were not activated in the Raman spectra and the frequencies were independent on the particular scattering configuration. Conversely, the IR modes showed normal behavior of polar phonons. As a consequence, we can conclude that defects play no significant role in this natural crystal, within the limits of our experimental accuracy. Also, and with important consequences for the analysis of montebrasite system, our results are compatible with fully occupied atomic sites, as proposed by Baur [27] . In fact, halfoccupied or partially occupied lithium sites as proposed by other authors [31, 33, 34] would lead to an increasing number of modes because vacancies must be counted (three additional IR and three new Raman modes not observed here). Moreover, because the Li vacancies in such structure would be disordered, this would lead to broad IR and Raman bands. As it can be seen in our spectra and fitting bands, the depicted IR and Raman modes are relatively narrow, which is not compatible with a disordered structure. Since montebrasite-amblygonite constitutes a natural system, our conclusion is that the analysis of our montebrasite sample showed that it has a well-ordered structure with just one fully occupied Li site.
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Table 4
Depicted Raman modes for montebrasite.
Conclusions
We have performed dispersion analysis of a triclinic montebrasite crystal, from the polarized-reflectivity infrared spectra taken at low-incidence angle and checked for a higher incidence angle. The spectra revealed 27 well-behaved polar modes, in agreement with group theory for the P1 space group. The complete set of dispersion parameters was obtained, including the azimuth and co-elevation angles for each polar (ungerade) phonon. Polarized Raman spectra in several scattering configurations allowed us to depict the 24 gerade modes predicted for this structure. For these non-polar phonons, frequencies and bandwidths were independent of the scattering geometry, while their scattered intensities depend individually on the particular scattering geometry. The Raman and IR selection rules were well obeyed and all the observed bands were relatively narrow. These facts altogether (number of modes, selection rules and bandwidths) are compatible with a well-ordered material with fully occupied atomic sites.
